Abstract-Poly(4,4' oxydiphenylenepyromellitimide) is used as a polymer matrix for incorporation of zirco nia nanoparticles with different compositions (ZrO 2 and Y 0.03 Zr 0.97 O 1.985 ), sizes (20 ± 5 and 10 ± 2 nm), and morphologies (spheres, hollow spheres, rods). The nanoparticles are incorporated during the synthesis of poly(amido acid), a prepolymer of polyimide, and ZrO 2 nanoparticles are pretreated with organosilicon compounds (tetraethoxysilane, γ aminopropyltriethoxysilane, and 3 (trimethoxysilyl)propyl methacrylate). The effect of surface modification of ZrO 2 nanoparticles on their distribution in poly(4,4' oxydiphenyle nepyromellitimide), depending on the type of the organosilicon compound as well as on the dispersity, shape, and chemical composition of particles, is studied.
INTRODUCTION
The synthesis and investigation of new hybrid poly mer-inorganic nanocomposites with unique thermo mechanical, electrophysical, catalytic, optical, and biomedical properties are among the most important problems of materials science [1] [2] [3] [4] .
Inorganic nanoparticles of different natures, com positions, and structures are widely used as fillers for polymeric matrices that makes it possible to endow the matrix polymer with new properties or improve its characteristics [5, 6] .
The most widely used methods for producing poly mer-inorganic nanocomposites [7] [8] [9] [10] are based on the processes of incorporation of prepared nanoparticles into the polymer matrix [9, 10] . Oxide nanoparticles prepared via hydrothermal synthesis [11] are among the most promising fillers because this method makes it possible to obtain weakly aggregated particles with a narrow parti cle size distribution and to control the dispersity, mor phology, and composition of the product.
During formation of polymer-inorganic nanocom posites, the orientation of a filler in a polymer matrix and the interfacial interaction are important factors. These factors ultimately determine the desired combinations of performance characteristics, technological characteris tics, and other specific characteristics of nanocomposites [12] [13] [14] . To provide good interfacial adhesion and improved compatibility of inorganic nanoparticles with the polymer matrix, the used particles are subjected to surface pretreatment [14] . Surfactants [15, 16] , chelation agents [17] , polymer (monomers) [18, 19] , and organo silicon compounds [20] are used as modifiers. Surface hydroxyl groups of oxide nanoparticles prepared via hydrothermal treatment [21, 22] can act as substituting groups for covalent addition of organosilicon surface modifiers [20] .
In the literature, complex studies of the depen dence of the distribution of prepared oxide nanoparti cles in thermostable polymeric matrices on the surface treatment and the shapes, sizes, and compositions of particles are absent. In this study, a thermostable poly imide, poly(4,4' oxydiphenylenepyromellitimide) (polyimide PM), was used as a matrix polymer [23, 24] . ZrO 2 was chosen among oxide nanoparticles owing to its chemical inertness, high thermal stability, and some other properties [25] [26] [27] . Composites based on this polymer and ZrO 2 nanoparticles hold promise for obtaining polyimide materials resistant to the action of atomic oxygen [7] and offering improved thermomechanical [5, 28] and electrophysical proper ties [10] .
The aim of this study was to investigate the effect of chemical surface modification of zirconia nanoparti cles and changes in the dispersity, composition, and morphology of particles on their type of distribution in thermostable imide containing polymer matrices. NaOH, C 2 H 5 OH (95%), and HCl (36%) were used as reagents for synthesis of nanoparticles. The surface modification of nanoparticles was per formed with the use of tetraethoxysilane (TEOS) 14 5 (special purity grade), γ aminopropyltriethoxysilane (AGM, 97%, Aldrich), and 3 (trimethoxysilyl)propyl methacrylate) (MPS, 98%, Aldrich).
EXPERIMENTAL

Reagents
In the synthesis of poly(4,4' oxydiphenylenepy romellitimide), 4,4' diaminodiphenyl ether (DADPE, Shanghai Chemical Reagent, China) and pyromellitic dianhydride (PMDA, Shanghai Chemspec, China) were used. DADPE and PMDA monomers were pre viously dried under vacuum for 6 h at 150 and 250°C, respectively. N,N Dimethylacetamide (98%, Fluka) was used as a solvent.
Synthesis of ZrO 2 Nanoparticles
Nanoparticles based on ZrO 2 of different composi tions, sizes, and morphologies were prepared via dehydration of ZrO(OH) 2 and ZrO(OH) 2 -YOOH or hydrolysis of ZrOCl 2 · 8H 2 O (analytical grade) under hydrothermal conditions [29] .
Surface Modification of ZrO 2 Nanoparticles
As surface modifiers of ZrO 2 nanoparticles, several organosilicon compounds (TEOS, AGM, and MPS) were used. Zirconia nanoparticles (0.5 g) were dis persed in ethanol (10 mL) under continuous stirring and ultrasonic treatment (υ = 3.5 kHz) for 30 min. Then, an organosilicon compound (0.2 mL), distilled water (0.2 mL), and ammonia (0.2 mL) were added to the dispersion of nanoparticles as described in [30] . The resulting mixture was stirred initially for 1 h at room temperature and then for 3 h at 75°С. The dis persion of nanoparticles was washed with ethanol to remove the excess modifier. At the later stage, the residual content of the modifier was not monitored. The solvent was evaporated in air for 12 h, and the as treated ZrO 2 nanoparticles were dried under vacuum at 60°C to a constant weight. (4,4' oxydiphenylenepyromellitimide) Matrix 1, 3, 5, and 10 wt % ZrO 2 nanoparticles were dis persed in DMAA. Under continuous stirring, DADPE (0.0018 mol, 0.36 g) and, after its complete dissolu tion, PMDA (0.0018 mol, 0.4 g) were added to the dis persion of nanoparticles in the amide solvent. The synthesis of poly(amido acid) (PAA) in the presence of ZrO 2 nanoparticles was conducted for 6 h in a flow of argon. The intrinsic viscosity of the prepolymer was as high as 1.2 dL/g. A film coating was formed from a 15% solution of PAA in DMAA on a glass support fol lowed by solvent removal for 12 h at 60°С. Imidization was performed for 0.5 h at 100, 150, 200, 250, and 300°С; then, polyimide PM films with ZrO 2 nanopar ticles were separated from the support.
Incorporation of ZrO 2 Nanoparticles in the Poly
Investigation Procedures
The elemental and phase compositions of the obtained nanomaterials were determined through the methods of energy dispersion X ray spectral microanalysis (SEM, Hitachi S 570 with a Bruker Quantax 200 microanalysis system) and X ray phase analysis (Shimadzu XRD 7000 diffractometer, CuK α radiation).
Particle size was determined from the broadening of X ray diffraction lines with the use of the Scherrer 
